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?T,IGr:T  INVESTIGATION  0?  BOUNDARY- LAYER  AND  PROFILE- 
DRAG  CHARACTERISTICS  OF  S!IOOTH  WING 
SECTIONS  OF  A  P-ii-YD  AIRPLANE 
By  John  A.  Zalcvclk 

SLiaiARY 

A   flight   investigation  was  made    of  boiuidary- layer 
and  profile-drag  charactex-'istics   of   smooth  wing   sections 
of  a   P-l+TD   airplane.      Measurements  v/ere   made    at   three 
stations   on   the   wing:      boundary- layer  measurements  v/ere 
made    on   the   upper   surface    of   the   left  wing   in  the    slip- 
stream at   25   percent   semlspan;    pressure-distribution 
measurements  were  made    on  the   upper   surface   of  the    left 
wing   at   65   percent   semispan;    and  walce    surveys  were  made 
at   b5   percent   sem.ispan  of   the   right  v/ing.      Tlie    tests 
vvere   made    in   straight   flight   and   in  tujpns   over   a  range 
of  conditions   In  which  airplane   lift   coefficients^ 
from  0.15    to   0.68,    Reynolds  nu:nber3   from  7.7   x   lO*^ 

to  19.7   ^   10^,    and  Mach  niunbers    from   0.25    to  O.69  were 
obtained. 

The   results    of    the    investigation   Indicated  a 
minimum  profile-drag   coefficient   of   O.OO62   for   the    smooth 
section  at   65   percent   semispan.      At    the  highest  Mach 
nuraber   attained    in   the    tests,     che    critical   Mach  mamber 
was  exceeded  by  at   least   0,0[|.  with  no  evidence    of   com- 
pressibility shock  losses   appearing   in   the    form  of 
increased  v.'idth   of   the  wake    or   increased  profile -drag 
coefficient.      For   flight   conditions   approaching  the 
critical  TJach  number,    variations    in  Mach  number   of  as 
much  as   O.I7   appeared   to  have   no  effect   on   the   profile - 
drag   coefficient. 

In   the    slipstream,    transition   occurred   at    least    as 
far  back  as   20  percent   chord   on   the    upper   surface    at   low 
lift   coefficients. 
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In  orcer    to   obtaiii   a   comparison   of  the    pro  file -drag 
characteristics    of  wing   sections    of  low-drag   and   older 
types   under   similar   flight   conditions ,    tests  have   been 
made   of  tv/o   P-l'-?   airplanes:      the   P-lf7C  airplane,    having 
Reputlio   S-3   sections    and   the  XP-i4-7lf  airplane,    having 
sections    that    varied   from   an   !\'ACA   66-series    section   at 
the    plane    of   sytrjnetry    to   an    NaGA   67- series    ssction   at 
the    tip.      The    investigation  of   the  wing   sections   of   the 
XP-V7F  airplane    inclivdsd   tests    so   determine    the   profile 
drag   of   a  wing   section   outside    the    slipstream  and    the 
position  of   trcinsltion   on   sections    inside    and  outside 
the    slipstream.      The    results   of    this    investigation  are 
presented   in  reference    1. 

Tne    tests  with   the    P-L:..73  airplane    reported  herein 
v;ere   generally'"  similar    in   scopy    to    bhe    tests   with    the 
X?-L]"F  airplane   except    chat    the    teso?   with    the    F-I1.7D 
were   extended   to    coasiderahly  liiehjr  Kach   nuxhers    in 
order    to   ottain   some    inf ormati-rn  on  compressibility 
effects    at  Mach   ni;:nhers    chrou'^h.    the    critical   value. 
The    tests   were   nade    In   straig^it   flight   and   steady  turns 
at   various    normal    accelerations    over    a  runge    of    indicated 
airspeeds    from   1^5    to   350  miles    per  houi 
of   li^jGOO   and    2[l,000    feet. 


S  illBOLS 

c  section  chord 

X  distance    along   chord    from   leading  edge 

s  distance    along    surface    from   leading   edge 

d  deflection  of  curvatiire   gage 

y  distance    above    surface,    position   in  wake 

H  free -stream    total   nressure 

H„  total    pressure    in  boundar-  layer 

J 
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AH  loss   of   total    yressv.re    in  wake 

p  free-stresjn   stati.o   pressure 

o 

p  local   static   pressure 

q^  f'r?e-stream    ii-npact    pressure       /'Hq   -    p^j 

q  free -stream  d'.rtiamic    pressure      f  — p    V^ 

Ty  absolute    temperature    in  boundary  layer 

Tg,  absolute    temperature    ^ust   outside    boundary   layer 

u  velocity  in  lo'ondary  layer 

u-j_  velocity   in  boundary  layBr  near   surface 

U  velocity   ;ust   outside  bcandary  layer 

/■p   -   ^o\ 
P  rresoura    coefficient       !  — I 

P  •  criLlcal    pi'essure    coefficient,    corresponding    to 

local    velocity  of   sound 


C^  airplane    lift    coefficient 

Or-,  section  profile-drag  coefficient 

5„  aileron  deflection,    negative    for   up  deflection 

V^  calibrated   airspeed    (airspeed   related    to 

differential   presj-ure  by  accepted   standard 
adiabatic    formula  used   in  calibration  of 
differential-pressure    Indicators   und  equal    to 
tru.e    airspeed   for   standard   sea-level    conditions) 

V  true    iiirspeed 

R  Reynolds   number 

Mq  free-stream  Mach  number 

l.Ur  r.Iacli    number    in  boundiiry  laver 

M=  Mach   number    iust   outside   boi^ndary  laver 

O  "-  t  , 
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?.!      critical  Mach  numb 3 r 

g      acceleration  of  gravity 

0  free-str5ara   densitT 

^o 

Subscripts : 


R  right 


left 


APP/iRATUS 


The    r-iJJD   airplane    is    a   low-wing,    single-engine 
monoplane   v\?ith   a   Pratt   ^  vVhitne^  R-2300-21  erigine    and 
a  four-blade   Curtlss   electric    propeller    (fig.    1).      The 
airplane  has    a  gross   v;eight   of    about   12,000  po^juids,    a 
v\fing   span   of  .^1   feet,    and    a  v/ing   area   of   300   square    feet. 
Tl.e    wing    incorporates   Republic    S-;;    airfoil    sections, 
which  have    pressure-distribution  characteristics    similar 
to    those    of   the    iJaCA  25U-3eries    sections. 

Three   wing   sections   were    tested    (fig.    1):      one    on 
the   ri^^ht   wing    and   ons    on    the    left,   wing    located    oj   per- 
cent   sen  is  pan   from    t-ie    plane    of   sy7r:ri.etvj,    or    about   2   feet 
outboard   of    the    flap    (section   with  aileron);    and   one    on 
the    left  wing   located  2^   percent    semlspan  from    the   plane 
of   syiriTietr:/,    or   about   1  foo'c   within   the   edge    of   the    pro- 
peller  disk.      ]:,ach   of   the    outboard   sections  had   a   chord 
of  7*^7   feet   and   a  Hiaxii.ium   thickness    of   11   percent    chord. 
The    inboard   section   in   tl:3    slipstream  had   a   chord   of 
3.73   feet   and   a  maxlmuin  thickness   of  lJx.6   percent   chord. 
A  photograph   of    the    teat    section   ou    the   right   wing    is 
shovi/n   as    figure    2. 

The    upper    surfaces    of    the    sections    on    the    left   wing 
and    the    upper    and   lower    surfaces    of    the    section   on   the 
right  wing  were    faired  by  fillir^   \>lth  glazing   putty 
and   then  sanding   smooth   to   reduce    tli  e    surface   waviness. 
'The    surfaces   v;ere    then   sprayeu   with    several   coats    of 
white    lacquer-based    oalnt    for    a   rrotective    coating    and 
Sanded   lightly   in   a   chordwlse    direction  with   No.    320 
carborundum  paper.      An   indication  of   surface   waviness 
was   obtained^  by  means    of  a   curvature   gage    (fig.    3)    with 
legs    spaced  4   percent    of   the   v/ing   section    chord.      The 
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wavlness    condition   of    the    ftiired    surfaces    is    Indicated 
in   figure   I4.  by   the    plot    of   the    wa'^'iness    Index      d/c 
against      s/c. 

Borndary-layer  racks,    each  consisting    of   one    static- 
pressure    tube    a:id  eitlier   one    or    five    total-pressure    tubes 
(fig.    5  )>  were   used   to   deterniine   boundary- layer   charac- 
teristics.     The    tubes   v;ere   nade    of  —-inch  brass    tubing    vath 

1 

a inch    vvall    thickness.      The   upstream  end   of   the    total- 

^2 

pressure    tube   was    filed   and   flattened   so    as    to    leave    an 

opening   O.OOJ    inch  deep   and  p    inch  wide    and   to   have    a 

0. 003-Inch  wall    thickness.      The   static-pressure    tube   had 
six   orifices   G.Oc^   inch    in  diameter   equally  spaced  around 

the   periphery  at   It-   inches   downstream   from   the  hemispherical 

end.      Each    total-pressure    tube    of  a  rack  v/as   connected   to 
an     NACA  recording  multiple   manometer  and  referenced   to 
the    static   oressure    obtained   from   the    static-pressure 
ttibe    set   about   l/ii.   inch  from   the    surface.      Yvith    this 
arrangement,    the   impact   pressiufe  was  measured  at   various 
distances    above    the    siorface   when   the    six-tube   rack  was 
used   and  near    the    surface   when    the    two- tube   rack   was 
used.      The    static   pressure  measured  by  the    static-pressure 
ti.ibe   was   referenced   to   the    static  pressure   obtained  by 
means   of   an   airspeed  head  raoujated  on  a  boom  1   chord   ahead 
of  the    leading  edge    of   the   right  wing   tip    (fig.    1). 

Surveys   of   the   wake    of    the    rin;ht  wing   section  were 

■J  O  v^ 

made   by  means   of    tiie   rake    shov/n  in  figure    6  mounted  I9  per- 
cent  chord  behind   the    trailing   edge.      The    rake    consisted 
of   Z[\.   total-pressure    tubes    spaced   0.3    inch   and   5   static- 
pressure    tubes    spaced  equallj'"  across    the   ralce.      The    total- 
pressure    tubes   were    connected   to   an   NACA  recording 
multiple  manometer   and  referenced   to   free-stream    total 
pressure    in  order    that    the    total-pressure    loss    at  each 
point   in   tiie  wake   could  Ipe    obtained.      The    static   pressure 
in  the   wake   was   measured  with    the    three   central    static- 
pressure    tubes,    each    of  which  was   connected    to    the 
miinometer,    and   referenced    to   the    static   pressure   measured 
by  means    of   the    airspeed  head   on   the   boom   at    the    right 
wing   tip.      iVool    tufts  were    located   on    che    upper  surface 
near    the    trai ling-edge    region   about   2   feet   on  each    side 
of   the    center   line    of   the    section  at   63   percent   sem.ispan 
to   determine   v/hetiier    any  cross    flow   existed    that   v/ould 
invalidate    the    wake    surveys. 
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All   pressures,    aileron  positions,    and  normal   accelera- 
tions  were  measui^ec    by  KACA  recording  instriomen  b3 .      An 
Indicating   accelerome  ber-  was   provided  for    the   pilot. 


METHOD 


In   order    to    obtain   fre^-strear:   static    pressure, 
corrections   deternined  from  an    airspeed   calibration 
v/ere  inade    bo    the    static   pressuj'e  measured  by  the    air- 
speed head  noimted   on    che    boom  ahead   of   the   right  wing 
tip.      Tiiese    corrections    were    applied    to   all  ir.£as-.jirements 
for   which  raference    to    free-a trea:':i   static   pressure   was 
required. 

Bo-ondary-layer    velocity  profiles  were   determined 
from    the  bo'^ondary-la.'^'er  riieaSiU'^ements   by  use    of    the 
compressible -flow   relation 


u 
U 


I         (Hy/P) 


■J        '' 
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or,    to    a   first-order   approximation, 


u 

U 
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Tlie    airplane    lift   coefficient    at   which    transition 
occurred   at   a  given  chordwise   position  was   determined 
from   a   r)lot   of    the   ratio      ui/tj     against   airplane    lift 
coefficient.      Tlie    lift   coefficient   corresponding   to 
transition  was   cr.osen  at    the   olbow   of    the   curve    a3    the 
ratio      u;i_/ll     suddenly  increased   from   its    laminar   level 
to    its    turbulent   level. 


The    proflle-drat;   coefficients   were    determined  by 
integrating     method   of   reference   2;    that   is,    bhe    total 
pressure    loss   was    integrated   across    the   wake    and   then 


tlie 


corr^Tn^p^.T'Tij/^Xj 
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multif  liod  by   factors   ds-nending    on   free-stream    impact 
prs3s-ui"3,    naxlmiira    total-^r essm'e    loss,    static    pressure 
in   the    .val:e,    and   fli^^^ht   Mach   n-umber. 


TESTS 


Surveys    of    the  wcJiie   of    the    smooth  right  wing   section 
were  made    first   in   straight   fligtit  v/ith  level-flight 
power   and  with    the    aii'plane   engine    throttled   and    then  in 
turns    in  order   to   cover   a  wide   range   of   flight   conditions; 
that   is,    airplane   lift   coefficients,    Reynolds   numoers, 
and  r.Iach  numbers.      During    the    first   fllglit   in   tiurns,    the 
filler   used   to    fair    tt.e   vving  surface   cracired   at   the 
leading  edge   of   the   ai:jnunition-oompartment  door    (at 
11.5   percent   chord).      Since    tiiS   crack  could  not   be   kept 
smooth  and   the    surface   unbroken    in   subsequent   flights,    the 
Vi/ake    survisys   were   discontinued. 

Boundary- layer  meas-'orem.snts  v;ero  made   both  with    the 
two- cube   and   the    six- tube   boundary-layer   racks   on   the 
upper    surface   of    the    inboard    section  behind    tlie    propeller 
on   the    left  wing.      Measurem.cnts   of    static   pressure    and 
of   impact   pressure   next    to   the    sijrface    for   the   deter- 
mination of  transition  were   made   with   two-tube   I'acks 
at   5^    10 >    15  >    20,    and   25    nercent   chord.      r.Ieasurements 
of  velocity  distribution  through   tie   boundary  layer  v;ere 
made   with    the    six- tube   racks   at   I5    and   20  percent   chord. 

Transition  measurements    on   the    upper  surface    of    the 
outboard   section  on    d'.e    left  wing  were   not    feasible 
because    of    the    spanwise    crack   at   the    leading   edge    of 
the    ammunition-compartm.ent  door   at   11. 5   percent   chord. 
Static   pressures,   however,    were  meas-ored  with    che 
static-pressure    tubes   of    the   bo undar;/-- layer  racks    at   10, 
15,    20,    25,    and  ^0  percent   chord   en   the   upper   surface 
of   til  is    v.-ing. 

The    teots   wure   !;iade    in   straight    fligiit    (level    flight 
and    shallo\.'   dives)    at    alticudes    of    12,000   and   2J4.,000   feet 
over   a  range    of   indicated   airspeeds   from   I55    to  330  miles 
per  hour.      The    airplane    lift  'coefficients    obtained   in 
these    tests   ranged   from   0,15    to   0.63;    the    Re^/nolds 

nuT.ber,    from  7.7   x   10'-^   to    I9.2   x   10^;    and   the  Mach 

nuniber,    from   O.25    to   O.69.      Tests   were    also  made    in 

turns    at   an   altitude    of   12,000   feet    at    indicated   airspeeds 
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from  25^   to   360  miles   per  hour   and    at   normal   accelera- 
tions  Trom  li-g  to   )4.~-g.      Tne    airo]£.ne    lift   coefficients 

in   the   turnr    ranged   from  0.21   to   O.56;    RejTiolds   number, 

from  lk.2    X    10'^   tc    I9.7    x   IC^;    and  Mach   number,    from  Oj^l^. 
to   0.61. 

RESULTS   AND  DISCUS'TON 

Pressure    distrihutj on   and  oi'itl cal   Ivlach  ni-imber, - 
Some   reprssentati-ve    st&tic-preosure    distriuutlons    over 
part   of   the   upper  surface    of   tne    left   vin^   sections 
at   25   £-iid.    63   percent    sem.ispan  are    shown    in   figure   7» 
The    critical   Mach  numbers    of    the    tv..'o  wing   sections,    as 
determined   by  tte    von  Karman  method   (reference   J)    fi'om 
pressure-distribution  me  a  sure '7  ants    at subcritlcal    soeeds, 

are   ^xctted   m  figure    c   against     — -rrr  . ..  -^,-- — ,    miD  ch 

\/i    -    --      ^ 

V  ""        -'  or 

represents   the   lift    coefficient    that   would   be    obtained 
if    the    Mach  numoer  were   increased  from     Mq      to      M^y,      at 
the   angle    of   attack  coi'responding   to      C^.      The    flight 

I.Iach  num.ber  and   the   deflection   of   the    left    aileron    are 
plotted   above    the    curves    of   critical   "ach  num.ber. 

For   the  -section   at    65   percent    semispan,    the    critical 
Mach  numiber  varied   ao-oroximatelv   linearly   from  0.66   at    a 
lift   coefficient    of   o".  10    to    O.5I;.    at    a    lift    coefficient 
of   O.SC;    for    the    section   at   25   percent    se::^ispaa,    the 
variation   of   critical   Mach  number  over    the    same   range 
of  lift   coefficients   v^/as    from  O.65    to   CL-;).      Although  the 
evaluation   of    critical  Mach  number   involved   extrapolation 
by   tloe    von  Farmian  method   of   static -pressure    data  obtained 
at    flight   Mach  numbers    ranging    from  0.02    to    O.5O   belov-; 
the    critical    value,    the    results  v^ere   in   g'-^od   agreement   for 
the   entire    range    of   the    extrapolation.      The    extent   of   the 
extrapolation   at   varicus    lift    coefficients   may  be    deter- 
mined  by  comparing  the    flight   Mach  numibers    at   which  the 
pressure-distribution  measurements   were  made   with  the 
critical  Mach   numbers.       (See    fig.    3.) 

AccorOiing  to   the   results   presented   in   reference  i-i., 
the   critical   Mach  ni;rnDer3    as    detei'^iiined    from  m.easurements 
with  stsitic-preasurs   tubes    simller  to   thos-e   used  In  the' 
present    investigation  may  be    as   much    as    0.01   higher   than 
would  be    ootained  from  measurem.ents   with  orifices   flush 
with  the  wing    surface. 
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It    should   be   noted   that,    since    the    left    aileron  was 
deflected  upward   fro:-n   1=5'^   to   5«6°   during   the    tests 
(fig.    8),    the   critical   Fach   numbers    at   63   percent    senilspan 
may  he   somev.-hat   higher  than  the   critical   ?.lach  nunbers  that 
would   be    obtained  with  the    aileron  neutral.      An  indication 
of  the  iragnitudo   of   this   effect   is   .given   in   i-eference   5* 
which  presents   the   results   of   tests    of   s   irocel  of   a  wing 
section   v/ith   aileron   on   a   P-byB-J    airplane.       (The   wing    sec- 
tions   of   this   airplane   ere    sinalar  to   those   of    a  F-'j.7-    air- 
plane.)     The   results    in   reference   5    showed   that,    at    a 
constant   angle    of  attack  in   the   range   of   the   flight   tests, 
the   critical   Maoh  nuTiber  was   higher   by   about   O.OI5  with 
the   aileron   deflected   i.pward   2^    than   v/ith   the   aileron  neutral. 

Boundary-laver   characteristics   in    slipstream. -   The 
method  of   deteraining    the   airplane   lift   coefficient,    sec- 
tion  Re.ynolds   nuriber,    and   flight    Mach  number  corresponding 
to      transition      from  m.easurem-ents  with  a  boundary -layer 
rack  In   a  given  position  on  the   wing  surface   is    illustrated 
in   figure   9   f^i"   ^  rack  at    I5   percent   chord   on   the   upper 
surface   in   the   slipstream,   (at   25   percent    semi  span).      The 
broken  lines   in   this    figure   indicate   the   conditions    for 
transition. 

■liie    results   of    the   boundary- layer  rreasv.rem.ents    indi- 
ct: ted   that,    at    low   lift    coefficients,    laminar  flovj  was 
obtained   at    least    as   far  back   as   20   percent   chord  on 
the   upper   surface,  which  is    about   as   far  back   as  m^ay 
be   expected  en    a   similar  wing   section   outside    the   pro- 
peller  slipstream;.      Lam.inar  flow  at   20  percent    chord  is 
illustrated  by  ti^-pical   velocity  profiles   in  figure    10. 
The    lift   coefficients,    Reynolds   numibers,    and  Iv^ach  n'xmbers 
at  v/hich  transition  was    obtained   at    10,    I5,    £i-nd  20   per- 
cent  chord   are   giver   in   figure    11.      At    lift    coefficients 
and   RejTiolds   numibers    less    than  those    indicated  by  the 
curves   for  15   and  20  oercent   chord  in   figure    11,    the 
flow  was    laminar  at   thoce    chordwise   positions.      Although 
transition  mee surem.ents  were   also  n'.ade    at    5   ^^d.  25   per- 
cent  chord,    these   data  vera   not   presented,    inasm.uch   as 
tl-ie    flov;'  vms    always    laminar   at    5   perceiit   chord  and 
always   turbulent   at   25   pe'rcent   chord. 

Profile   drag   of   wing   section   cutsirie    slipstreaj^^ .  - 
During   all   the    tests  the   wool    tufts    on    i-l.e   u';per    surface 
near   03   percent    sem.ispan  of   the    right  wing  were   directed 
straigV±   back  and  thereby   indicated  that   the  wake    surveys 
were   not    influenced  by   cros^.   flo-.v. 

The    profile-drag   coefficients    of    the    smroth   section 
on   the   right  wing   are   presented   m   figure    12   for   straight 
flight    and    in   figure    I3    for    turns.      Blight   Mach  number, 
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critical   Mach   nu'-ber,    Reynolds   niimber,    calibrated   air- 
speed,   and  deflection   ol    the   right    aileron  are    olotted 
above    the   profile-drag   curves.      The   critical"  Mach 
niirber   shown  in   figures    12   and   IJ   i  s    that    for   the    left 
wing   section.      Inasmuch   as    the   right   aileron  was    down 
(figs.    12   and   13 )    v;hen   the    left   aileron  was   up    (fig.    8), 
the   critical  R'ach  number  for   the    right  wing   section  has 
been  estimated   on   the    basis    of    the    results   of   reference    5 
to   be   of   the    order   of  0.02    lower  than   the    critical  Mach 
number   of    the    left  wing   section.      Some   representative 
wahe   profiles    obtained  in   straight   flight   are    shown  in 
figure    llj. . 

In   straight   flisht,    the    profile-drag   coefficient 
varied  from  O^OOys   at    a   lift   coefficient    of  0.68   to 
0.0062   at   a   lift   coefficient    of   O.I5    (fig.    12).      The 
minimum  profile-drag   coefficient   v/as  O.OO62.      Within 
the   accuracy   of   the    ireasurements,    changing   from  level- 
flight   power   to  glides  with  engines    throttled  appeared 
to   have   no    effect   on    the    profile-drag  coefficient. 

The    interpretation  of    the   results    of   ^he    profile- 
drag  measurements   in   turns    (Tig.    IJ )    :is    com.r^licated  by 
the   fact   that   a  crack  developed  at    the    leading  edge 
of    the    ammunition-compartTrent   door    (at    11. 5   oercent 
chord)    some    time    during    the    flight   in  vihich   these   measure- 
ments  were   made.      The    tendency  toward   lower   profile-drag 
coefficients   for   the    first    series    of   turns   than   for    the 
other    series    indicated  that    the   crack  m.ay  have   developed 
after   tue    first    series    of    turns.      At    lift   coefficients 
greater    than  0.tj.O,    tbe    profile-drsg    coefficients   in 
turns    agreed  with   those    cbts-ned  in    straight   flight   and 
thereby   indicated   that    transition  v/as    probably    forward 
of  11.5   percent    chord   at    these  high   lift   coefficients; 
at    lift    coefficients  less    than  O.a.0  the    profile-drag 
coefficients   for   the   second    and  third   series   of    turns 
were    som.evtfhat   higher   than   those   obtained  in   straight 
flight.      The   minlm.um  profile-drag  coefficient   for   the 
second   and  third   series    of   turns  was   O.OO66. 

For    flight    conditions   approaching   the   critical 
Mach  xioji'ber,    a    varit-tion   in   Mach   number    as    large    as    0 .  I7 
(fig.    12)    with  a  relatively  sm.all   variation   in  Reynolds 
nojnbar   appeared  to    have   no   effect    on  profile-drag 
coefficient.      A    sirnilar   result   was    obtained    in   the    tests 
reported   in   reference   6   rn   the    same  wing   section  v;ith 
transition    fiyed  near   the   leading  edge    for   smoothed   and 
moderately  roughened   surfaces.      A  comoarison   of   figures    12 
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and  13    shows   that,    £t    a   lift   coefficient   of  O.L7,    the 
sarre    value   of  profl  le-«3rag   ooefficient    (within   tne 
experimental  error)   was   obtained   at   Mach  numbers   varying 
from  0.30    to  0.59;    in   this   case,   hovever,    the    vari^ation 
in   Peyiolds  nurrber  was   large    (10   x   10^   to   1")   x   10'-^)    and 
therefore   rray  have   had   an  effect   on   the    results. 

At   the   highest   Mach   number  atteined   in   the   tests 
(0.6q),    the    critical   Mach   nurr.ber  was   exceeded  by  at 
least  O.OLi,    (fig.    12)    vA'ith  no   evidence    of   co.roressibility 
shocV   losses    appearing  in   the   fcrrr-   of   increased  width   of 
the   wake    and  1ncr3ased  profile-crag   coefficient.      This 
result   appears    to    indicate   either  that    ;■  rrotational   flow 
vnlthout   shock  existed  to    sot;S   extort    at    supercritical 
speeds,    as   suggested    in  references   J,    7>    -nd  8,    or   that 
the    effect    of   coirpression   shock  wis    of   insufficient 
iragnitude   to   be   rrearuraole   by  present    apparatus   for   a 
small   range    of   Mach   nuTrbers   above   the   critical   value. 
Mild  compression   shocks  have   been  indicated   by  Schlieren 
photographs    obtained    in  vind    t\;nT.elp   of  !>',ACA.  250-series 
airfoils.      These   photographs    show   that,   upon  attainr.ient 
of  local   veloci  ty  of    sound,    shock  first    arpears    as    a 
series    of  srrall   shock  waves   and  builds   up   to   a  well- 
established  shock   front   as   the   Mach  number  Is   further 
increased. 


CONCI/'STOFS 


The   fligl^t  investigation  of  boundary- layer  and 
profile-drag    characteristics   of  wine   sections    of  a 
P-ii.?D  sirplsne   that   were    specially  finished   to  give 
aerodynaroically   srrooth   surfaces  having  wa"''ine3s    of    srall 
rr.agnitude   indicated  the    following    results: 

1.  Boundary- layer  transition   at    least   as    far  back 
as  20   percent  chord  was   obtained  en   the   upper   surface   of 
a   section  in   the    slipstream  at    lew    lift   coefficients. 

2.  Tn   straight   flight    (level   flight    and   shallov" 
dives)    the    profile-drag   coefficient    of   a   section   outside 
the    sliostrearr  varied   fror^  O.OO62    at    a   lift    coefficient 
of  0.15' to  0.0073   at   a   lift    coefficient   of   0.63.      The 
mlnimiir'  profile-drag  coefficient   was   0.0052. 

5.    At   the   highest    Kach  number   attained   in   the    tests, 
the    critical   Mach  number  was   exceeded  by   at    least   O.Ok 
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with  no   evidence    of   or^irpressibility   shock   losses    appearing 
in   the   torn'  of    increased  width   of  th3   waVre    or    increased 
profile-drag  coefficient. 

h.    For  flight   conditions    approaching   the    critical 
Mach   n-umfcer,    variations    in   Mach  ni^rrter   as    large    as    0 .  17 
appeared   to  have   no    effect   on   prof ile-drs.g   coefficient. 


Langley  Memorial   Aeronautical    Laboratory 

National   Advisory   Cc-rmittee    for  Aeronautics 
Lsngley  Field,    Va. 
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Fig.     2 
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Figure    2.-    Smooth    test    panel    at    63    percent    semispan    on 
right    wing    of    P-47D    airplane. 
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(c)    At   25    percent   aemlspaxi   on    left   wing. 


Figure  I4..-   Surf ace-wavlness    Index  of  smooth  surfaces    of   sections 
on  right   and   left  wings   of  P-i^7D   airplane. 
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Fig.    5b 
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Fig.    6 
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Figure  6.-  Wake-survey  rake  mounted  on  wing  of 
P-47D  airplane. 
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-Fig.    7a, b 
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Figure  7.-  Typical  pressure  distributions   over  upper   surface 
of   sections   on   left  wing  of  P-I4.7D  airplane. 
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Fig.    8a, b 
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Figure   8.-   Critical  Mach  number   derived   from   subcrltlcal  pressure 
measurements    on   sections    of   left   wing   of   P-1;7D   airplane.      Flight 
Mach  number   of  pressure-distribution   tests    and  deflection   of 
left   aileron   are  plotted   above     M^p-curves. 
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Figure   9'-   Method   of  determining   lift   coefficient,    Reynolds   number, 
and  KTach  number   corresponding   to   transition    at   a  given   chord- 
wise   position.      (Example   shown   is    for   15   percent   chord. 
Effective-pressure    center   of   total-pressure    tube    at   0.01   in. 
above   surface.) 
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Figure    12,-   Profile-drag   coefficient   of  smooth  section   on  right  wing 
of    P-UTD   elrplane    as   obtained   in  straight   flight,      Mach  number, 
Reynolds   number,    calibrated    airspeed,    and  deflection  of  right 
aileron    are   plotted   above      c^   -curve.      M^^p-curve   ia   from  results 
of   left-wing   tests.  ° 
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Figure    15.-   Profile-drag   coefficient   of   smooth  section   of   right   wing 
on  P-q.7D   airplane   as   obtained  in   turns.      Kach  number,    Reynolds 
number,    calibrated   airspeed,    and  deflection  of   right   aileron   are 
plotted   above      Cdp-ourves .      Mcr-ourve   Is    from  results   of  left- 
wing  tests. 
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